Background/purpose: Enterococcus faecalis (E. faecalis) is considered a predominant pathogen for persistent periapical infections. Antisense walR (ASwalR) RNA was reported to inhibit the biofilm formation and sensitized E. faecalis to calcium hydroxide medication. The aims of this study were to investigate whether the graphene oxide (GO) nanosheets could be used to enhance antibacterial activity of ASwalR RNA for E. faecalis in periapical periodontitis. Materials and methods: We developed a graphene-based plasmid transformation system by loading antisense walR plasmid with GO-polyethylenimine (PEI) complexes (GO-PEI-ASwalR). The particle size distributions and zeta-potential of the GO-PEI-ASwalR were evaluated. Then, ASwalR plasmids were labeled with gene encoding enhanced green fluorescent protein (ASwalR-eGFP). The transformation efficiencies and the bacterial viability of E. faecalis were evaluated by confocal laser scanning microscopy. Quantitative real-time PCR assays were used to investigate the expressions of E. faecalis virulent genes after transformed by GO-PEI-ASwalR. Also, the antibacterial properties of the GO-PEI-ASwalR were validated in the rat periapical periodontitis model. Results: We showed that GO-PEI could efficiently deliver the ASwalR plasmid into E. faecalis cell. GO-PEI-ASwalR significantly reduced virulent-associated gene expressions. Furthermore, GO-PEI-ASwalR suppressed biofilm aggregation and improved bactericidal effects
Introduction
Enterococcus faecalis (E. faecalis), a gram-positive coccus, is considered a predominant pathogen for persistent periapical infections. 1,2 E. faecalis can survive in a wide range of temperature, pH values, oxygen tension, humidity and harsh nutrient availability. 3 Also, it is able to tolerate to conventional calcium hydroxide medication and alkaline challenge. 4, 5 Two-component signal transduction systems (TCSs) play a key role in bacterial adaption to environmental challenges. 6 The more often related virulent factors of E. faecalis include ace (collagen binding protein), epaA (glycosyltransferase) and gelE (gelatinase). 7, 8 However, attempts to inactivate the walRK locus in E. faecalis were unsuccessful, indicating the WalRK TCS is essential for E. faecalis viability. 9 Antisense RNAs (asRNAs) which regulatory activity is based on complementary mechanisms to and basepairing to the mRNA, and this interaction results in blocking the translation to functional protein. 10 Antisense RNAs have been applied to identify and investigate novel antibacterial targets for clinical applications. 11 We previously reported that antisense walR (ASwalR) RNA interference reduced the transcripts of the virulent genes, alkaline stress tolerance ability and biofilm aggregation. 12 However, one of the biggest obstacles for the use of those therapeutic antisense oligonucleotides is their limited uptake by bacterial cells without a suitable and effective carrier system. 13 A common transformation method is to conjugate an antisense RNA with a cell-penetrating peptide which can facilitate access process. 12, 14 Nevertheless, the shortcomings of these peptides included dubious biocompatibility, risk of adverse immunogenicity to animal cells and sensitivity to protease. 15 Additionally, some bacteria that acquire mutations in genes encoding translocation proteins also resist the uptake of cell-penetrating peptides. 16 Hence, a novel and effective vector with favorable biocompatibility for delivering antisense RNAs has been a hot area of research focus.
Graphene oxide (GO) nanosheets could be used to deliver nucleic acid efficiently when ionically bonded to cationic polymers. 17, 18 Polyethylenimine (PEI) is known as a kind of cationic polymer for gene transfer because of its strongly binding to DNA, effectively uptake by cells and helping delivered nucleic acids escape from the lysosomal pathways. 19 When electrostatic interacted with GO, the cytotoxicity of GO-PEI complex is largely reduced. 20, 21 Through oxidation reaction the surface of GO obtains large quantities of functional groups, 22 GO preferentially interacts with nucleic acids on its surface. In this way, the adsorbed nucleic acids are effectively prevented from enzymatic nucleases. 23 Until recently, new generations of graphene-oxide nanocomposites which decreased bacterial adhesion to this nanomaterial surface of have increasing attention in antibacterial properties. 24, 25 The aim of this study was to develop a graphene-based plasmid transformation system using electrostatic interacted GO-PEI complexes loaded with antisense walR plasmid (GO-PEI-AS walR) and its antibacterial efficacy against E. faecalis was investigated. Furthermore, we validated the role of the GO-PEI-ASwalR in the pathogenicity using a rat periapical periodontitis model. It was hypothesized that nanographene oxide loaded with antisense walR RNA will be a more effective strategy in treating E. faecalis infections in periapical periodontitis.
Materials and methods

Preparation of GO-PEI-ASwalR and cytotoxicity evaluation
Bacterial strains and plasmids were listed in Table 1 . The synthesis of GO-PEI complexes was proceeded as previously described. 21, 26 The optional concentration of GO-PEI based ASwalR was determined by cytotoxicity measurements. We seeded 3T3 fibroblasts cell lines in 96- Particle size distribution, zeta potential and atomic force microscopy measurements
The particle size distribution and zeta-potential of the GO-PEI based ASwalR samples were evaluated using Dynamic Light Scattering (DLS) and zeta-potential of the GO-PEI based ASwalR samples were evaluated in triplicate by a Nano ZS Malvern Zetasizer (Malvern Instruments, Worcestershire, UK). 27 The prepared sample solution (50mL/drop) was dropped at the coverslip, dried in room temperature and characterized by atomic force microscope (AFM) using SPM-9500J2 (Shimadzu, Tokyo, Japan) with the contact mode.
Bacterial culture and transformation
The E. faecalis standard strain V583 was used and grown in Brain Heart Infusion (BHI; Becton Dickinson, Franklin Lakes, NJ, USA) at 37 C in a 5% CO 2 atmosphere. The bacterial culture and transformation were conducted as previously described. 14, 28 Evaluation the morphology of biofilm cells
All the E. faecalis biofilms were imaged by scanning electron microscopy (SEM; FEI Company, Hillsboro, OR, USA), crystal violet (CV) assays and the confocal laser scanning microscopy (CLSM; TSP SP2, Leica, Solms, Germany) as previously described. 29, 30 Transfection efficiency of GO-PEI-ASwalR in vitro Recombinant ASwalR plasmids were labeled with gene encoding enhanced green fluorescent protein (ASwalR-eGFP). ASwalR-eGFP and GO-PEI-ASwalR-eGFP strains were constructed according to the transformation procedures previously described. 12 The expression levels of eGFP were determined by CLSM and the transfection efficiency was determined by comparing the green fluorescent intensities. The expression of ASwalR, walR and walK as well as virulent factors genes including ace, epaA, and gelE of all E. faecalis strains were examined using real-time polymerase chain reaction (RT-PCR). The primers were listed in Table 2 .
Protein extraction and western blotting analysis
The expression of WalR protein in E. faecalis strains after planktonic growth was quantified by Western blotting analysis as previously described. 14 
Infection of root canal
For dentinal infections, a three-week old biofilm model was established as previously described. 12 Briefly, the root canal specimens were incubated in E. faecalis V583, ASwalR strain, E. faecalis þ GO strain, and E. faecalis þ GO-PEI-ASwalR strain respectively for 3 weeks.
Pulp-exposed periapical periodontitis lesions in rats
Animal experiments were approved by approved by The West China Hospital of Sichuan University Biomedical Research Ethics Committee (No. 2018039A) and all the procedures were conducted as previously described, 31 following the guidelines for animal care and use of laboratory animals. Six-week-old female SpragueeDawley rats (260e280 g) were anesthetized with ketamine/xylazine (100 and 5 mg/kg body weight, respectively) by intraperitoneal injection. An access opening was made on the occlusal surface of the left mandible first molars. Then, 0.1 mL of log-phased E. faecalis V583 and ASwalR bacterial suspensions were inoculated into pulp chamber and covered with light-cure flowable resin. Four weeks post- Table 2 Oligonucleotide primers used in this study.
Primers
First strand cDNA synthesis AS2 5 0 -CGGCTTCTTTCGCATTGGTT -3 0 QRT-PCR analysis operation, the rats were scarified and the imaging of the rats was taken using the Quantum GX Micro-CT System (PerkinElmer, Waltham, MA). Rats were sedated using isoflurane (1e5%) and oxygen (2 L/min) mixture during imaging procedures. The scanning conditions were used as following: kV Z 90; CT mA Z 72; 360 scan time Z 8 s. We analyzed the reconstructed images with Analyze 12.0 (PerkinElmer, Waltham, MA). The values of relative periapical cavity were calculated when compared to the control groups.
Data analysis
The Bartlett's test was performed to assess the homogeneity of data variances and ShapiroeWilk test was conducted to determine the normal distribution of data. Oneway analysis of variance was used to compare the data, followed by pairwise multiple comparisons.
Results
Cytotoxicity and characterization of GO-PEI-ASwalR
After 48 h or 72 h of incubation with GO-PEI-ASwalR, the viability of 3T3 fibroblasts cells significantly decreased at concentrations of 60 mg/mL or higher. The results showed that synthesized GO-PEI-ASwalR was not toxic until the concentration reached to 60 mg/mL compared with the control group (Fig. 1A) .
Dynamic Light Scattering (DLS) measurements indicated that the Z-average size of the GO were 280 nm. For GO-PEI and GP-PEI-ASwalR, Z-average sizes of 95 nm and 290 nm were obtained respectively indicating that the size of GO-PEI-ASwalR was slightly larger than GO (Fig. 1B) . Using zeta potential measurement, the surface charge of GO showed negative values of approximately À21.7 mV. However, GO-PEI and GO-PEI-ASwalR complex demonstrated the positive surface charges of approximately 13.1 mV and 33.7 mV respectively (Fig. 1C) . The AFM results revealed that GO-PEI-ASwalR nanosheets increased the roughness and height of the membranes compared to GO and GO-PEI membrane (n Z 10, P < 0.05; Fig. 1D and E) .
GO-PEI-ASwalR increased ASwalR transformation and significantly reduced virulent-associated gene expressions
Using CLSM, higher levels of GFP-expression were observed in samples induced with GO-PEI-ASwalR when compared with the ASwalR (Fig. 1F ). Quantitatively, a 200% increase in GFP-expression transcripts in GO-PEI-ASwalR transformed strains was found when compared with that of ASwalR cells (P < 0.05; Fig. 1G ). Quantitative RT-PCR showed expressions of ASwalR RNA in ASwalR and GO-PEI-ASwalR strains significantly increased by 2.8 and 6.5 folds respectively when compared to E. faecalis V583 strain (n Z 10, P < 0.05; Fig. 2A ). Correspondingly, the levels expressions of walR and walK mRNA were significantly decreased in ASwalR and GO-PEI-ASwalR strains (n Z 10, P < 0.05). Moreover, the expressions of ace, gel and epaA genes were the lowest in the GO-PEI-ASwalR strain (n Z 10, P < 0.05) ( Fig. 2A) . Western blotting probed with anti-WalR antibody showed that the level of WalR protein was the lowest in the GO-PEI-ASwalR cells ( Fig. 2B and C) .
GO-PEI-ASwalR suppressed biofilm viability in infected canal and reduced periapical lesion size
SEM observation demonstrated that E. faecalis V583 cells were densely packed with extracellular matrix, whereas the GO, ASwalR and GO-PEI-ASwalR strains showed the reduced extracellular matrix in the biofilms interspersed among "blank" areas ( Fig. 2D) . Particularly, the very few small microcolonies were found to be randomly distributed in the GO-PEI-ASwalR strain biofilms compared to the other groups (Fig. 2D ). By double staining of CLSM observation, we found that silencing of walR by GO-PEI-ASwalR as delivery system markedly decreased the biomass of the biofilms (Fig. 3A) . The quantitative data showed that the proportions of viable bacteria were significantly decreased in GO, ASwalR and GO-PEI-ASwalR strains when compared to the E. faecalis V583 strains (Fig. 3B) . The lowest percentage of live bacteria was detected in the GO-PEI-ASwalR strain to be 14.83 AE 0.5% (n Z 10, P < 0.05). Crystal violet microtiter assays demonstrated that GO-PEI-ASwalR strain exhibited the lowest optical density (OD) values of biofilm biomass (n Z 10, P < 0.05, Fig. 3C ).
In general, colony-forming unit (CFU) counts significantly decreased in the GO, ASwalR and GO-PEI-ASwalR strains indicating antibacterial properties in root canals. Particularly, the average CFU counts in the GO-PEI-ASwalR strain were the lowest (n Z 10, P < 0.05; Fig. 3D ). Correspondingly, CLSM observation showed mixtures of bacterial cells inside the dentin (Fig. 4A) . The lowest proportion of viable bacteria in the GO-PEI-ASwalR strain was 14.5 AE 0.43% (n Z 10, P < 0.05; Fig. 4C ), whereas the E. faecalis V583 strain exhibited the highest ratio (n Z 10, P < 0.05; Fig. 4C ). At 4 weeks post-operation, the GO, ASwalR and GO-PEI-ASwalR strains presented remarkably reduced periapical lesion size compared to the E. faecalis V583 group (Fig. 4B) . The microcomputed tomography (mCT) analysis was used to quantify the relative ratios of periapical cavity which indicated that GO-PEI-ASwalR group presented the lowest periapical lesion ratio while the largest periapical lesion size was observed in the E. faecalis V583 group (Fig. 4D ).
Discussion
Conventional antibiotics may not be effective against all bacteria, especially those that develop resistance. 7, 32, 33 Therefore, supplementary therapies heighten the natural defenses against the susceptible organisms and lessen use of antibiotics for the periapical infection management. It has been suggested that the overexpression of ASwalR reduced the transcripts of the virulent genes, inhibited extracellular polymeric substances (EPS) synthesis, and suppressed biofilm organization of E. faecalis which could be explored as a potential therapeutic strategy for the management of persistent root canal infections. 12 Due to the RNA instability, antisense RNAs are difficult for preservation, therefore we used recombinant pDL278 ASwalR overexpression plasmid for transformation. In the preliminary study, pDL278 plasmids have been transformed into E. faecalis as the empty vector control and did not affect the growth of E. faecalis cells. 12 Hence, there is a need to develop effective and stable vectors that can deliver nucleic acid molecules without detrimental effects to normal eukaryotic cells. 32 It is reported that graphene oxide (GO) can be used to deliver genes efficiently when ionically bonded to cationic polyethyleneimine (PEI) polymers. 16 Therefore, we used these stable GO-PEI complexes to load antisense RNA to enhance transformation efficiency in bacteria and acquired a more efficiency than a traditional competence stimulating peptide method. These positive surface charges can favor the interaction with the negatively charged cell surface and facilitate cellular transfection. 26 It has been showed that the concentrations of GO-PEI lower than 50 mg/mL had no significant effects on cell apoptosis rate. 21 In current study, our results showed that synthesized GO-PEI-ASwalR was not toxic until the concentration reached to 60 mg/mL (Fig. 1A) . Therefore, we adopted GO-PEI-ASwalR of 30 mg/mL as the working concentration for the subsequent studies.
The successful construction of the GO-PEI-ASwalR delivery system carrying this ASwalR was evidenced by the efficient uptake by bacterial cells and quantitative ASwalR expressions of E. faecalis. 34 To evaluate the vector transformation efficiencies, ASwalR recombinant plasmids were labeled with gene encoding enhanced green fluorescent protein (ASwalR-eGFP). The levels of GFP-expression indicated ASwalR transcripts, which revealed higher transformation efficiencies induced by GO-PEI-ASwalR when compared to pure ASwalR plasmids. Correspondingly, the quantitative RT-PCR showed expressions of ASwalR RNA in GO-PEI-ASwalR strain significantly increased by 6.5 folds compared to E. faecalis V583 strain ( Fig. 2A) . Particularly, the fold change of GO-PEI-ASwalR strain was about three times in ASwalR transformed by competence stimulating peptide indicating the GO-PEI-ASwalR probably act more efficiently than the conventional competence stimulating peptide strategy as delivery system. AFM observations revealed that the surface roughness of GO-PEI-ASwalR nanosheets increased compared to GO and GO-PEI membrane films. Due to the thicker the multilayers, the surface parameter of material films likely increased the roughness which resulted in enhanced adhesion force. 35 On the other hand, altered surface charge of GO-PEI demonstrated its ability to strengthen DNA adsorption. 17, 18 Taken together, we speculated that improved delivery efficiency of the GO-PEI-ASwalR may be attributed to altered surface charge and higher surface roughness. 36 After 24 h biofilm establishment, the results revealed that GO-PEI-ASwalR most suppressed biofilm aggregation and reduced the cellular viability (Fig. 3A) . Our previous report confirmed that ASwalR sensitized E. faecalis in infected canals to calcium hydroxide medication using a 3-week old biofilm model. 12 The 3-week old biofilm would be more appropriate to reflect the conditions of the biofilm during the long starvation phase because the root canal infections are likely several weeks or months old before the treatment is started. 37 GO sharp edge to disrupt membranes physically and GO can interfere with cellular metabolism and lead to cell necrosis/apoptosis by inducing oxidative stress. GO can form as a blanket over bacteria and isolate them from external environment, which will inhibit cells proliferation and nutrients achievement. 38 In the current study, the GO-PEI-ASwalR strain exhibited the lowest viable cell proportion of E. faecalis in dentin tubules (Fig. 4A) . Moreover, the GO-PEI-ASwalR remarkably reduced periapical lesion size at 4 weeks after root canal treatment compared to the ASwalR group and the E. faecalis V583 group presented the large periapical lesions (Fig. 4B ). In the present study, restricting the excessive in periapical lesions was considered an important step of the stimulating periapical repair process. 39 It was speculated that the pathogenicity of E. faecalis was markedly decreased by ASwalR interference and GO-PEI-ASwalR improved bactericidal effects in periapical periodontitis.
Graphene oxide is a kind of non-biodegradable martial, which is similar to other carbon-based material. However, its biocompatibility turned out to be safer than most other types of nanomaterials, which may have an important role in it potential for clinical application. 40, 41 Future directions needed to extend the applications of GO-PEI-ASwalR strategy as a potential substitutive therapy for root canal infections.
In summary, we developed a graphene-based plasmid transformation system using electrostatic interacted GO-PEI complexes loaded with antisense walR plasmid (GO-PEI-ASwalR). GO-PEI could efficiently deliver ASwalR plasmid into E. faecalis cells with excellent transcription of ASwalR. GOePEIeASwalR significantly reduced virulent-associated gene expressions, suppressed biofilm aggregation, improved bactericidal effects in infected canal and reduced periapical lesion size. The results of present study revealed that preserving nano-graphene oxide with antisense walR RNA will be a more effective and stable strategy in treating E. faecalis infections in periapical periodontitis.
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